Because of the lack of adequate guidelines and procedures to determine the red clearance interval for the left-turn movement, a common practice for most jurisdictions is to use the same red clearance intervals for both through and left-turn movements. Such a practice may create potential safety and operational concerns because the unique characteristics of leftturn traffic, such as the presence of turning curves and centrifugal forces, are not addressed. To improve the calculation of the red clearance interval for the left-turn movement, a new method was developed and verified by data observed in the field. The actual turning times were collected at 21 intersections in Texas. These intersections vary in speed limit, number of left-turn lanes, and left-turn control type. The red clearance intervals, determined from the proposed methodology, were generally lower than the turning times observed in the field but higher than those currently being used in practice. A validation of the calculation based on the crash analysis was also conducted to support the proposed method.
The change interval, consisting of a yellow change interval and a red clearance interval, is intended to allow drivers to safely and efficiently make decisions about whether to stop or proceed at an intersection, and, if proceeding, to provide sufficient time to clear the intersection. Selecting an adequate change interval has long been an important operational problem, in which several factors intertwine, including geometry, human comfort, perception and reaction, interpretation of traffic ordinances, and signal timing. These factors may not be compatible with each other in practice for all situations, and they are very complex to model. However, it is vital to provide yellow change and red clearance intervals long enough for drivers to approach and clear an intersection without decreasing the intersection efficiency. On the other hand, the interval should not be too long because an overly long interval may breed the driver's disrespect of the change interval.
There is currently no nationally recognized recommendation for determining the change interval length (1), although numerous publications provide guidance, including the ITE Traffic Engineering Handbook (2) , the Manual on Uniform Traffic Control Devices (MUTCD) (3), and the Manual of Traffic Signal Design (4) . MUTCD provides guidance, which states that a change interval should have a duration of 3 to 6 s, with the longer intervals reserved for use on approaches with higher speeds (1, 3, 5) . In the current edition of the ITE Traffic Engineering Handbook (2), a standard kinematic equation combining the yellow change and red clearance intervals is given by the following equation:
where y = length of the yellow change interval, to the nearest 0.1 s; δ − = driver perception-reaction time, recommended as 1.0 s; v = velocity of the approaching vehicle (ft/s); a = deceleration rate, recommended as 10 ft/s 2 ; g = acceleration due to gravity (32 ft/s 2 ); G = grade of the approach, in percent divided by 100 (downhill is negative); r = length of red clearance interval, to the nearest 0.1 s; W = width of the intersection, in ft, measured from the nearside stop line to the far edge of the conflicting traffic lane along the actual vehicle path; L = length of vehicle, recommended as 20 ft; and V = speed of vehicle through the intersection (ft/s). Equation 1 is a formula designed for the through movement, in which the yellow change interval is set in an attempt to eliminate the dilemma zone, while the red clearance interval is calculated as the time required for a vehicle to cross the intersection. In fact, the problem with respect to determining the change interval for the through movement has been well studied and applied in practice (6) . However, the similar problem for the left-turn movement has not been well studied. Because of the complexity of the left-turn movement, such as the presence of the left-turn curve, centrifugal force, and so forth, most engineers in the field simply apply the same intervals used for the through movement to the left-turn movement.
A recent study by Liu et al. (7) presented an analytical framework to determine the yellow change and red clearance intervals for the left-turn movement by integrating coherently human comfort, perception, safety, and traffic ordinances. However, calculation of the red clearance intervals in this framework was based on the time required for a vehicle to travel along its full curve within the intersection. No consideration was incorporated of the time required for the conflicting vehicle to react and reach the conflicting point, which should be deducted from the total calculation to improve the efficiency of the operation.
A nationwide survey by the technical committee of the ColoradoWyoming section of ITE (8) indicated that the red clearance time currently being used in practice ranges between 0.0 and 1.5 s for the through movement. In many jurisdictions, the red clearance interval is typically 1.0 to 3.0 s (5). This is also the case in most Texas cities, where the red clearance interval ranges between 0.5 and 2.0 s (9) . It appears that these red clearance intervals are close to those used for the through movement, which were also shown in the literature (10) (11) (12) . On the one hand, the red clearance interval might be too short if it is determined based on the through movement. This may increase the efficiency of the operation but jeopardize the safety of the intersection. On the other hand, the red clearance might be too long if it is calculated based solely on the existing analytical framework (7) . Further, the field engineers with whom the authors have talked agreed that if the red clearance interval were too long, it might result in drivers disrespecting the change interval. Thus, there is a need to determine whether the current red clearance interval in practice is properly set. Questions that need to be answered include the following:
• Does the current red clearance for a particular intersection provide enough time to allow the vehicle to pass the intersection safely?
• Is there unnecessary time in the red clearance that could decrease the efficiency?
• Are there an increased number of crashes for those intersections with improper red clearance settings?
To answer these questions, the field observations of the turning times of left-turn vehicles should be collected, and the calculation procedure for selecting the red clearance interval should be improved. This paper presents an improved calculation of the red clearance interval for the left-turn movement in light of the turning times collected from 21 intersections in Texas with different attributes of speed limit, number of left-turn lanes, left-turn control types, and so forth. The calculated red clearance intervals are also compared with the existing intersection settings. Crash analysis on the intersections with questionable red clearances is conducted to support the proposed methodology.
OBSERVATION OF TURNING TIMES FOR LEFT-TURN VEHICLES

Site Selection
To better represent the general situation, data collection sites were selected to cover different operational and physical attributes, such as speed limit, number of left-turn lanes, control type, and so forth.
By consulting relevant local signal engineers and with approval of the Texas Department of Transportation (DOT), a total of 21 intersections from eight Texas cities were selected for data collection. Data were collected during both peak and off-peak periods. Two approaches (including a main street approach and a side street approach) of each intersection were collected, with a minimum of 3 hours for each approach. Table 1 presents the data collection sites by category. As indicated in Table 1 , the intersections were classified based on speed group, number of left-turn lanes, and left-turn control type. Two speed groups were identified: the low-speed group has speed limits less than 45 mph and the high-speed group has speed limits greater than or equal to 45 mph. The two left-turn control types included protected and protected/permissive controls. The permitted left turn is not a subject of this study, because its yellow and red clearance intervals normally are determined based on the through movement. It is believed that the selected sites covered most of the intersection types and would establish a good database for model calibration and validation. Table 2 lists the names of all the intersections as well as their locations, categories, and general site characteristics. These sites covered eight jurisdictions with a balanced distribution among speed, geometry, and left-turn control types. These eight jurisdictions belonged to three geographic regions in Texas (Houston area, Dallas area, and College Station area).
Data Collection
The major part of the data collection was to observe the turning times of vehicles at each intersection. Therefore, video taping and speed measurement at each site were two important steps. Video tapes were used because they could be replayed in the laboratory and the needed information could be retrieved. Apart from the video taping and speed measurement, some other geometric and control information was measured on site or requested from corresponding cities and jurisdictions. The following is a brief description of the data collection process.
Video Taping
Video taping was proposed to collect detailed traffic flow data and vehicle maneuvers while approaching the intersection and moving within the intersection. It provided permanent records of data, which L: Speed Limit < 45 mph (11) H: Speed Limit ≥ 45 mph (10)
One LT Lane could be reviewed at a later time to verify the data or retrieve more information. However, this method required an optimal camera location to ensure that the information could be clearly recorded. A pilot study was conducted first by using the video trailer that allowed a video camera to be mounted on the top of a 35-ft raised pole. Based on preliminary results, it was found that for small intersections (e.g., 2 by 2 lanes), the signal indication as well as the vehicle movements within the intersection could be recorded and viewed from the video tapes. The time events including the time leaving the stop line, the time reaching the center of the intersection, and the time leaving the intersection could be extracted from the video tapes with specially programmed computer software. To obtain a good view of the field, it was necessary to locate the video trailer 40 to 60 ft away from the intersection. At larger intersections, the setback distance was even longer to cover the entire intersection.
Video taping was conducted by technicians from the Texas Transportation Institute from September 2002 to October 2002 at 21 intersections covering eight selected Texas cities (9) . The typical time periods for video taping were 7:00 to 10:30 a.m. and 2:00 to 6:00 p.m. A total of 142 hours of data were recorded with 37 tapes.
Speed Measurement
The speed data for left-turn vehicles were collected at the same time as the video taping. The radar gun was used to collect the sample speed data for the left-turn vehicles. The person who collected the speed data stayed in a position close to the beginning of the left-turn bay (either in a median place if it existed or roadside) so the speed without the significant deceleration from the turning could be collected (it was necessary to collect the normal approaching speed). Any vehicle speed with an apparent slowdown due to queuing in front was discarded. A total of 125 samples were collected for each left-turn movement, which is the sample size required by Texas DOT to obtain statistically valid speed data (13) .
Other Field Measurements
Some types of data were also recorded at the same time when the video tapings were conducted. These data included number of lanes, lane widths, sight distance, and left-turn phasing.
Request for Additional Data
The following data were collected by contacting cities and jurisdictions that were responsible for maintaining and operating the intersections:
1. Existing signal timing, 2. Crash data for the past 3 years, and 3. Intersection drawing (in scale) for obtaining geometric data such as angle and lane width. 
Data Retrieving
With all the data collected and tapes recorded, the next step was to extract the field data from various sources including video tapes and engineering drawings and analyze the surveyed data for each intersection. The major tasks in the data retrieval from the video tapes were to identify the turning time for each vehicle. The turning time was defined as the time the vehicle entered the intersection (i.e., when the front of the vehicle entered the stop line of the approaching lane), until the rear of the vehicle cleared the clearance line on the crossing lane. The measured speed was also processed and means and variances were calculated. The length of the left-turn curve was estimated based on both the information from tapes and the intersection engineering drawings.
Observed Turning Time and Measured Speed
By observation, the average turning time at the 21 intersections was 4.24 s with a standard deviation of 0.91 s. Table 3 presents the mean, standard deviation, and percent maximum relative error (MRE) for all vehicles as well as for cars and trucks separately. In retrieving the data, variations of turning times within trucks were not counted. In other words, all trucks were counted in the same category. However, pickup trucks and SUVs were counted as cars. On average, the turning time for trucks was 0.5 s longer than that for cars.
The mean and standard deviation of the measured speed during the observation process are presented in Table 4 , which indicates that the mean speed varies from 29.37 to 36.24 mph, with a variance from 2.98 to 4.95 mph. The maximum relative errors of the measurements are from 2.09% to 3.25%.
IMPROVED CALCULATION OF RED CLEARANCE FOR LEFT TURN
Conflicting Due to Left-Turn Movement
There are two signal-setting scenarios related to the left-turn movement. One is the left-turn lead, and the other is the left-turn lag. Figure 1 presents these two scenarios. For the left-turn lead signal scenario, conflicting comes from the vehicle of the opposing flow. For the left-turn lag signal scenario, conflicting comes from the crossing flow. The setting of the red clearance should allow the vehicle that enters the intersection right before the onset of red to have sufficient time to safely leave the potential conflicting point.
Therefore, the time period T cs should be deducted from the entire turning time in determining the red clearance for the left-turn movement to improve the efficiency of the operation at the intersection. This deduction is conducted differently with different left-turn signal scenarios as indicated in Figure 1 . However, neither the ITE method (2) nor the method of Liu et al. (7 ) deduction. Therefore, an improvement to the existing calculation of red clearance is necessary.
Improved Calculation of Red Clearance
Improvement to Formula
The improved formula for calculating red clearance is illustrated in Equation 2 , which is the same as that proposed by Liu et al. Compared with the previous study (7), the major improvement in Equation 2 is the consideration of two new factors, the correction factor ξ for multiple lanes and the time deduction T cs from the red clearance due to the existence of conflicting distance. The correction factor ξ can be easily calculated as the ratio of the outermost left-turn curve and the inner left-turn curve. This factor was introduced to consider the scenario when left-turn vehicles use the outermost curve. The time deduction T cs was introduced to consider the time required for the conflicting vehicle to go from a full stop to accelerate and reach the conflicting point (in the case of the driver anticipating green in this situation) or the time required for a driving vehicle to go from a stop line to a conflicting point plus a perceptionreaction time. The consideration of this conflicting distance would reduce unnecessary time in calculation of the red clearance interval and thus improve the general efficiency of the operation.
Calculation Results
The red clearance times were calculated with Equation 2, which is presented in Table 5 . The red clearance intervals for the 21 inter-
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ANALYSIS OF CALCULATED RED CLEARANCE
Comparison of Calculated and Observed
After calculating red clearance intervals for all intersections, it would be meaningful to compare them with the existing ones and the observed turning times. Table 5 presents calculated versus existing red clearance intervals together with the turning times. The mean of the calculated red clearance (2.6 s) is less than the mean of the actual turning time (3.8 s) but longer than the existing red clearance (1.7 s). This implies that the existing red clearance intervals, which range from 0.5 to 2.0 s, are nearly 1.0 s shorter than needed. The discrepancy in the observed turning times and the calculated red clearance intervals occurs because of the deduction of the time required for the conflicting vehicles to reach the conflicting point in the calculation. The reduction of the red clearance time may be omitted if the existing read clearance time is more than the calculated red clearance time by using the proposed formula.
Validation Based on Crash Analysis
In addition to the discussions in the preceding sections with regard to the calculated versus existing red clearance intervals, it is also useful to examine how the accident rate at the intersection is possibly related to the red clearance settings for the left-turn movement.
As noted elsewhere (1), the change interval settings affect the crash rates. Historical crash data are necessary to identify questionable intersections. Historical crash data from 2000 to 2002 on each intersection were collected and summarized in two categories: number of total crashes (NTC) and number of crashes due to the left turn (NCLT). Based on this information, the percentage of crashes due to the left turn (PCLT) was calculated. NCLT and PCLT were used for analyzing the relationships between the red clearance setting and the crash frequency.
To identify the questionable intersections in terms of crashes, the probability distributions for NCLT and PCLT were plotted with the software @Risk. Figure 2 plots the distribution of NCLT, and Figure 3 presents the distribution of PCLT. Figures 2 and 3 indicate that NCLT follows the extreme value distribution with a mode of 14.2764 and a shape parameter of 7.6142, while PCLT follows the exponential distribution with a beta value of 10.774.
The questionable intersections could be the intersections with the abnormal NCLT or with the abnormal PCLT or both. The word abnormal means that NCLT or PCLT of some particular intersections falls out of the range of a given probability confidence limit, say 90% or 95%. For example if 90% was set as the probability confidence limit for both NCLT and PCLT, from Figures 2 and 3 it can be seen that if NCLT is greater than 31.5 or if PCLT is greater than 32.7%, then the intersection is questionable in terms of the crashes due to the left-turn movement.
By these criteria, three intersections were identified as questionable as indicated in Table 6 (the first three intersections). The intersection of Texas Avenue and University Drive had 34 crashes due to the left turn during the 3-year period, while the intersections of Arbrook and Matlock and of Cooper and Pioneer had PCLTs of 50% and 38%, respectively. All these numbers were beyond the predefined 90% probability confidence limit.
For the intersection of Texas Avenue and University Drive, which had the highest NCLT value, the existing red clearance is 2.0 s, while the calculated clearance is 2.9 s and the actual turning time is 4.7 s. Obviously, the existing setting of the red clearance is too short, which provides insufficient time for vehicles that enter the intersection right before the onset of the red to leave the intersection safely within the red time. This is a very dangerous situation and is one of the primary reasons why the NCLT was high.
Similar analyses could also be applied to the other two questionable intersections, Arbrook and Matlock and Cooper and Pioneer. The existing red clearance intervals for these two intersections are only 0.5 and 1 s, respectively. They are too short compared with the calculated ones (2.3 and 2.9 s, respectively) and the actual turning times (3.7 and 4.0 s, respectively). Similarly, the PCLT values for these two intersections were also very high (50% and 38%, respectively).
For comparison purpose, two other intersections, Texas Avenue and 2818 and Texas Avenue and Holleman Drive, are also listed in Table 6 . Both the NCLT and PCLT values of these two intersections are within the 90% probability confidence limit. Their existing red clearance intervals are 2 s, which are not much different from the corresponding calculated ones (3.2 and 2.3 s, respectively) as well as the actual turning times (3.7 and 2.6 s, respectively).
Other factors, such as yellow change interval, intersection geometry, and operational properties may also affect the occurrence of crashes due to the left turn. However, the preceding analysis indicates that improper setting of the red clearance has a high potential to cause high NCLT and PCLT values. More data should be collected from more intersections to determine how much contribution the red clearance problem makes to the high accident rate at the intersection. 
CONCLUSIONS
In this paper, the turning times of left-turn vehicles at 21 intersections in Texas were observed. The selected intersections varied with different speeds, numbers of left-turn lanes, and control types. The red clearance intervals for the intersections were calculated based on an improved formula, which deducted the time required for the conflicting vehicle to react and reach the conflicting point.
To further validate the proposed calculation of the red clearance, a crash analysis was conducted for the questionable intersections. The criteria identifying whether an intersection was a questionable one were based on the probability analysis of NCLT and PCLT. Through the analysis of the questionable intersections, it was found that the existing red clearance intervals are too short for the intersections with higher NCLT and PCLT values. In contrast, the intersections with NCLT and PCLT below the predefined probability confidence limit had red clearance intervals relatively closer to the calculated ones. More data should be collected to further examine this issue.
It should be noted that all the conclusions in this research were based on observations and analysis of the 21 intersections in Texas. More validation tests should be conducted before any conclusion is implemented.
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